We applied Raman spectroscopy to monitor the distribution of mineral and the degree of mineralization across the tendon-bone insertion site in the shoulders of five rats. We acquired Raman spectra from 100 to 4000 Dcm À1 on individual 1 lm points across the 120 lm wide transition zone of each tissue sample and identified all the peaks detected in pure tendon and in pure bone, as well as in the transition zone. The intensity of the 960 Dcm À1 P-O stretch for apatite (normalized to either the 2940 Dcm À1 C-H stretch or the 1003 Dcm À1 C-C stretch for collagen) was used as an indicator of the abundance of mineral. We relate the observed histological morphology in the tissue thin section with the observed Raman peaks for both the organic component (mostly collagen) and the inorganic component (a carbonated form of the mineral apatite) and discuss spectroscopic issues related to peak deconvolution and quantification of overlapping Raman peaks. We show that the mineral-to-collagen ratio at the insertion site increases linearly (R 2 ¼ 0.8 for five samples) over the distance of 120 lm from tendon to bone, rather than abruptly, as previously inferred from histological observations. In addition, narrowing of the 960 Dcm À1 band across the traverse indicates that the crystalline ordering within the apatite increases concomitantly with the degree of mineralization. This finding of mineral gradation has important clinical implications and may explain why the uninjured tendon-to-bone connection of the rotator cuff can sustain very high loads without failure. Our finding is also consistent with recent mechanical models and calculations developed to better understand the materials properties of this unusually strong interface.
INTRODUCTION
This study was undertaken to gain critical information about the inorganic and organic components of the tissue that directly connects a tendon to a bone. The medical concern is that injuries to this part of the tendon are common and can lead to significant pain and loss of function at the affected joint. 1, 2 Injuries to the rotator-cuff tendons of the shoulder are particularly problematic, as they heal poorly even after surgical repair. 3, 4 The region including and surrounding the interface between tendon and bone is called the ''insertion site'' ( Fig. 1 ). Whereas the tendon consists solely of organic components (primarily type I collagen) and is very flexible, 5 bone is orders of magnitude stiffer and consists of both the inorganic phosphate mineral apatite and an organic component (also type I collagen). 6, 7 As traditionally described, the transitional tissue between tendon and bone exhibits four different zones that can be distinguished optically in stained histological sections: tendon, fibrocartilage, mineralized fibrocartilage, and bone. 8, 9 Between the uncalcified fibrocartilage and the calcified fibrocartilage, there is a basophilic line known as the ''tidemark'' that is at the approximate location of the dark stripe seen in an unstained tissue sample (see Fig. 1b ). From the chemical perspective, the optically recognizable tidemark traditionally was thought to represent a ''calcification'' front, i.e., the location where mineralization with apatite abruptly starts. From the mechanical perspective, this tidemark was considered the boundary between soft and hard tissue. 8, 9 The validity of these interpretations, however, has not previously been tested with a spectroscopic microanalysis technique.
The present study applies Raman spectroscopy to investigate the composition of the uninjured tendon-to-bone transition in an attempt to better understand why the healing of this tissue is so difficult once it is injured. We analyzed the tendon-to-bone transitional tissue in five different rats and discuss in detail one single traverse of individual micrometer-sized points across the tendon-to-bone transition of a single tissue sample. The goal in this pilot study was to investigate whether Raman spectroscopy can be used to document quantitative changes in the degree of mineralization from point to point across the very narrow tendon-to-bone insertion zone. A further goal was to optimize the quantification algorithm that effectively can be applied in future clinically relevant investigations. Since clinical and medical studies need to be performed on a statistically significant number of tissue samples, it is imperative to know up-front whether band area ratios or band intensity ratios are the more reliable measure of mineral-to-matrix content and which of the collagen bands can be used to quantitatively represent the organic content within the excitation volume.
EXPERIMENTAL
Sample Preparation. Tendon-to-bone samples were removed from the shoulders of five skeletally mature (but not aged) Fisher rat cadavers. Specifically, the supraspinatus tendon (one of the rotator-cuff tendons of the shoulder) was isolated, taking care not to disrupt its insertion into the humeral head. The rat shoulder was chosen for this study due to its anatomic similarity to human shoulders. 10 The samples were sliced in the coronal plane to ;1 mm thickness using a lowspeed saw (Isomet). The tissue samples underwent no chemical treatment except for the use of phosphate-buffered saline solution to keep the sample hydrated. The unstained, unfixed section was placed on a glass slide for Raman analysis.
Instrumentation. Analysis was performed with a fiberoptically coupled Raman microprobe based on an axial spectrograph with volume holographic transmission gratings (HoloLab Series 5000 Raman Microscope, Kaiser Optical Systems, Inc.). The 532 nm excitation was delivered by a frequency-doubled diode-pumped solid-state Nd:YAG laser (Coherent) that was coupled to a Leica microscope (Germany) via an 8 lm, single-mode, optical fiber. An 803 ultra-longworking-distance objective (Olympus, Japan) with a numerical aperture of 0.75 and a working distance of 8 mm was used to focus the light onto the sample with a lateral resolution of ;1 lm and a power of ;5 mW at the sample surface. The same objective collected the scattered light in a 180-degree backscattering configuration. The Rayleigh scattered light was suppressed by 532 nm notch filters in the scattered beam path. The Raman scattered light was focused onto the core of a 100 lm, multi-mode collection fiber, which effectively acted as a pinhole. The output of the fiber was guided into the spectrometer through another 532 nm notch filter before it was intercepted by a holographic mirror, which split the beam into two spectral components. These two component beams were simultaneously imaged onto a thermoelectrically cooled charge-coupled device (CCD) array detector (Andor Technology, Ireland) with 2048 channels across. The wavenumber region 100-2500 Dcm À1 was imaged onto the top portion of the CCD, whereas the wavenumber region 2500-4400 Dcm À1 was imaged onto the bottom portion of the CCD. Thus, the spectral range from 100 to 4000 Dcm À1 used in this study was simultaneously detected with a spectral resolution of 2.5 cm À1 .
The absolute wavenumber designation and the exact position of the laser line were calibrated with Ne and Ar calibration lamps. The relative wavenumber axis was calibrated with cyclohexane and monitored daily by analysis of a (100) Si wafer whose peak position is 520.6 6 0.1 Dcm À1 . The intensity scale was calibrated using a white-light spectrum of a temperature-calibrated tungsten lamp. All spectra were background-corrected for dark counts by obtaining a new background correction spectrum every 2 hours. Spectra were acquired using Kaiser Optical's Holograms R software. Spectral acquisition time per analysis spot was 64 3 4 seconds (times two because of automated c-ray filtering). The automated c-ray filtering works such that pairs of spectra are collected and compared. If a c-ray spike was detected in one spectrum of the pair, then this spectrum was eliminated by the software.
A tissue sample was placed on a glass microscope slide that sat on the platform of a computer-controlled x-y-z stage (Pro Scan, Prior Scientific), which allowed easy positioning of the sample spot in the focal plane. Controlled positioning (60.5 lm) in the x-y plane via joystick facilitated analysis of individual, pre-selected, photo-documented micrometer-sized analysis spots ( Fig. 1b ) along a traverse across the tendon-tobone insertion. Data acquisition, intensity, and wavelength calibration, as well as filtering, were controlled by the Holograms R software.
Interpretation of Spectra. The spectrum of bone consists of peaks from two components: (1) the inorganic mineral component, which is a calcium phosphate that is similar-but by no means identical-to hydroxylapatite, 11, 12 and (2) a macromolecular organic component that is dominated by type I collagen. Since the nanometer-sized mineral crystals are intimately associated with the organic collagen fibers, the spectra of these two components cannot be acquired separately. The size of the apatite crystals (platelets of about ;50 nm 3 ;50 nm that are only several nanometers thick 13 ) is below the spatial resolution of visible light. Thus, the spatial resolution of the Raman microprobe technique (;1 lm) can only provide a ''bulk'' analysis of bone, and a spectrum obtained on bone will always include the peaks that are due to both the mineral component and the organic component.
Visible Raman spectroscopy on biological tissues, especially of cellular components, is often problematic due to intrinsic fluorescence. 14 However, dense collagenous tissues such as tendon and bone can be examined successfully even with 532 nm excitation. 15 In our minimally prepared samples, the Raman peaks for both the mineral and the organic components of bone were superimposed on a broad, featureless, steadily increasing fluorescence background ( Fig. 2 , top). Baseline correction for each individual spectrum was performed via an operator-chosen 10-to 15-point leveling operation with linear curve fits between neighboring points (see result in Fig. 2 , bottom). This careful background correction allowed not only for a better comparison of individual spectra in figures but also permitted more precise quantitative interpretations of the spectra. Peaks were deconvolved with a mixed Gaussian-Lorentzian algorithm after individual spectra were baseline corrected. All spectral processing (i.e., baseline correction, deconvolutions, peak area calculations) was performed with the Grams/32 R software (Galactic, Salem, NH).
RESULTS
Raman Spectra of Pure Tendon and Pure Bone. We first characterized pure bone and pure tendon (i.e., tissue away from the insertion site). Chemical and/or structural changes within the insertion site could then be monitored by comparison to these reference spectra. Figure 3 shows the overlaid spectra of pure tendon and pure bone (normalized to the intensity of the ;2940 Dcm À1 band), and Table I lists and assigns the individual peak positions. Because the Raman peaks arising from the organic materials in both tendon and bone are primarily due to contributions from the same organic molecule, i.e., type I collagen, the two materials are almost indistinguishable in the high-wavenumber region, i.e., their C-H, C-N, and O-H stretches in the 2800-3600 Dcm À1 range occur at the same positions. There is, however, a difference in relative peak intensities between tendon and bone, i.e., in spectra normalized to the intensity of the ;2940 Dcm À1 C-H mode, bone shows stronger C-N and O-H peaks compared to tendon ( Fig. 3 ). In the lower wavenumber region, the peaks for apatite at ;428, ;589, ;960, and ;1072 Dcm À1 stand out in the bone spectrum (marked with the letter A in Fig. 3 and Table I) , whereas most of the bands caused by the organic components appear at the same positions in both tendon and bone (Table I) . There are two bands, however, at 750 and 1587 Dcm À1 that do not occur in bone and were only detected in tendon (indicated with the letter T in Fig. 3 and in Table I ). Those two peaks are not caused by the collagen (i.e., protein) in tendon, but rather by the heme molecule of blood, whose Raman peaks are known to vary in relative peak intensities for different excitation wavelengths due to resonance effects between absorption and Raman scattering. [18] [19] [20] For the 532 nm excitation used in our study, two of the Raman bands of hemoglobin are very strongly resonance enhanced (at ;750 and ;1587 Dcm À1 ) and appear as very characteristic narrow peaks in certain (blood-rich) areas of the tendon.
In principle, the integrated intensities of the ;960 Dcm À1 and ;1072 Dcm À1 bands can be used as quantitative indicators of the degree of mineralization of bone and the degree of carbonation of the apatite, respectively. 21, 22 In practice, however, accurate quantification in bone based on integrated peak intensities (i.e., peak areas) is very difficult due to the overlap of those mineral peaks with quite a few collagen bands ( Fig. 4) . Specifically, the organic bands at 920, ;940, and 1003 Dcm À1 appear not only in the spectrum for tendon, but also in the one for bone, and they overlap with the strongest band of apatite, i.e., the m 1 P-O symmetric stretch of phosphate at ;960 Dcm À1 in bioapatite. The quantification of the proportion of mineral in tissue samples is complicated further by the fact that even unmineralized tendon has a band at ;960 Dcm À1 . Even though this band is small and only appears as a shoulder on the ;938 Dcm À1 band in the raw spectrum of pure tendon, it can be resolved unambiguously via peak deconvolution (see spectrum for point 1 in Fig. 5 ). In summary, the presence of several overlapping bands complicates the deconvolution of peaks and the accurate, reproducible calculation of band areas in the spectral region around 960 Dcm À1 . Appropriate mineral-organic deconvolution is especially challenging at low degrees of mineralization, i.e., at the biological stage of intense interest. These overlaps are therefore the greatest challenge to the quantification of the mineral component relative to the organic component in such tissues.
Raman Spectra Across the Tendon-to-Bone Insertion Site. Our main focus in this study was to document changes in the organic and inorganic components from point to point across the 120 lm wide tendon-to-bone insertion zone and to interpret the mineral-to-collagen ratio in individual spectra. The intensities of the 960 Dcm À1 symmetric P-O stretch and the ;2940 Dcm À1 C-H stretch (or the 1003 Dcm À1 C-C stretch) were used to interpret the presence and relative concentration within the excitation volume of the mineral and collagen components, respectively. The degree of mineralization across the insertion zone can be readily demonstrated by visual comparison of individual spectra that are normalized to their ;2940 Dcm À1 C-H band (which is the most intense peak in our spectra) or to their 1003 Dcm À1 C-H band (which is the very characteristic C-C aromatic ring stretch associated with phenylalanine). Such intensity-normalized spectra from the same traverse in a given sample can be displayed either stacked ( Fig. 6 ) or overlaid ( Fig.  7) along the y-axis. Both methods of visual display make it obvious that the relative mineral content, represented by the intensity of the normalized P-O stretching mode at 960 Dcm À1 , gradually increases across the insertion from pure tendon (position 1) to pure bone (position 12).
Deconvolution of the individual spectra of the traverse (Fig.  5) shows that a band at ;960 Dcm À1 is present in all spectra, i.e., the spectra of the non-mineralized tendon, as well as of the insertion zone and bone. Note that the spectra shown in Fig. 5 are not normalized to one of the collagen bands, but rather each one is expanded to full scale between 700 and 1200 Dcm À1 to emphasize the gradual development of the 960 Dcm À1 peak with respect to its neighboring collagen bands at 938 and 1003 Dcm À1 .
A peak at ;960 Dcm À1 indicates the presence of PO 4 3À in a tetrahedral environment. In pure tendon (position 1, see Fig. 5 ) a 960 Dcm À1 component appears as a shoulder on the highwavenumber side of the 938 Dcm À1 band. At position 2 in tendon, the 938 Dcm À1 band still dominates this spectral region. At position 3, the 960 Dcm À1 band has become more intense than the ;938 Dcm À1 band. This is a clear indication that an apatitic phosphate environment has been initiated. It is at this location that the other peaks for apatite also are detected (e.g., m 2 peak ;430 Dcm À1 and m 4 peak ; 590 Dcm À1 ; not shown in Fig. 5 ), providing definitive identification of apatite mineralization in the tissue. The intensity of the 960 Dcm À1 peak continues to increase such that by position 5 the ;938
Dcm À1 component appears as only a shoulder on the 960 Dcm À1 P-O peak. In other words, starting at position 5, the peak that is indicative of a PO 4 3À environment dominates this part of the spectrum, and apatitic mineralization is clearly present (see also Fig. 6 ). At position 9, the spectrum looks very much like a bone spectrum, except that the abundance of apatite in the excitation volume is still below that in pure bone, i.e., in positions 11 and 12. The latter relation can be seen best in the overlaid normalized spectra in Fig. 7 .
In addition to the dramatic changes in the 960 Dcm À1 peak intensity, a number of subtle changes in the spectrum are evident in an individual traverse across the tendon-to-bone insertion site (see Fig. 5 ). For instance, a broad band is seen at 1103 Dcm À1 in the tendon (position 1) that becomes broader and downshifts upon entrance into the insertion (to 1088 Dcm À1 at point 2, 1085 Dcm À1 at point 3, and 1068 Dcm À1 at point 5). Starting at point 7 this organic band cannot be resolved anymore, and the spectral region is dominated by the 1072 Dcm À1 band that arises from the presence of carbonated apatite.
The increase in mineral content (relative to the matrix) at individual positions across an individual traverse can be easily seen in spectra that are normalized, but overlaid-rather than stacked-along their normalized y-axes ( Fig. 7) . One way of evaluating the increasing mineral-to-collagen ratio across a single insertion site is to normalize the spectra of a given tissue sample to the intensity of their ;2940 Dcm À1 bands. Another way is to normalize to the 1003 Dcm À1 aromatic C-C stretch of phenylalanine. The latter is a well-defined band specific to collagen, one that is close to the 960 Dcm À1 P-O band and that does not overlap with any other collagen band. The results of normalizing the 960 Dcm À1 band to the 1003 Dcm À1 band (Fig.  7b ) are very similar to those obtained through normalization to the intensity of the ''generic'' C-H stretch at 2940 Dcm À1 (Fig.  7a ). Figure 8 quantitatively shows the normalized intensity ratios (960 Int /2940 Int ) and (960 Int /1003 Int ) as a function of distance for tissue sample #2. The gradation in mineralization appears continuous and almost linear across the insertion zone of one single sample. Interestingly, the beginning of the change in degree of mineralization is not correlated with the leading edge of the visual dark ''tidemark''. Deconvolution of all the spectra also permitted evaluation of (changes in) the width of the 960 Dcm À1 band (Fig. 8b shows the results from one single traverse). There is a well-defined trend of decreasing bandwidth upon approach to the bone; from point 3 to point 10 the range in width is about 6 cm À1 .
DISCUSSION
In our unstained thick tissue sections, the supraspinatus tendon-to-bone insertion site appeared in visible reflected light as a poorly defined, darkened, ;50 lm wide transitional zone (Fig. 1b ). This darkened zone appeared similar to what had been identified as the tidemark in histologic, stained thin sections. 9 Before our study, it had been unclear whether this visually recognizable tidemark zone is correlated with the presence of mineral in the tissue, and if so, to what extent. Based on histologic examination alone, previous investigators had proposed a sharp, abrupt transition from unmineralized to mineralized tissue. 9 We tested this proposal in the current pilot study by measuring the local mineral abundance across the tendon-to-bone insertion of the rotator cuffs of five different rats.
As is well recognized, true quantitative Raman information cannot be obtained on the absolute concentration of different components (e.g., mineral, collagen) or on ionic substitutions within a crystal (e.g., carbonate within apatite), because absolute peak intensities in Raman spectra are affected by Raman scattering efficiency, the volume excited by the laser beam, the orientation of the sample, the absorption by the sample, and several other optical effects, such as grain size, refractive index, and roughness of the sample. But even the relative quantification of Raman spectra of biological composites to determine, for instance, the degree of mineralization and the degree of atomic order of the mineral (relative to crystalline hydroxylapatite), can be challenging. Peak-fitting routines and chemometric methods, such as principal component analysis (PCA) applied to a large number of spectra, can be useful in determining the number of overlapping peaks.
However, there is some uncertainty associated with curvefitting procedures, and our experience is that not all mathematically convergent solutions are spectroscopically meaningful. Indeed, in the case of the present study of individual point spectra of five tendon-to-bone transects, our attempts at quantification of the mineral component were more convincing when peak intensities (as shown in Figs. 8 and 9 ), rather than peak areas (i.e., integrated peak intensities), were interpreted. Plots of results based on normalized peak area ratios (analogous to Figs. 8 and 9 , which are based on normalized peak intensity ratios) showed a much more irregular increase in mineral content from tendon to bone (not shown). The latter is due to the fact that the errors in determining individual peak areas (especially from complex, deconvolved peaks) are much larger than the ones in determining peak heights. The observation that peak heights can be more reliable than areas for the quantitative interpretation of Raman spectra of bone has also been made recently by Schulmerich et al. 23 Large errors in peak area calculations can be triggered by large uncertainties in the software's ability to assign correct band widths to weak spectral components. Thus, for samples in which the bands are weak, superimposed, and/or of variable width (see Fig. 8b ), operator-imposed constraints on peak widths are advisable in order to obtain spectroscopically meaningful results.
Careful deconvolution of the current spectra, however, did permit assessment of the width of the 960 Dcm À1 band, which indicates the degree of atomic order in the crystal structure of the mineral, also called the crystallinity gradient. The wider the FWHH of the m 1 P-O stretch of the apatite is, the less atomically ordered is its crystal structure and the lower is the mineral's degree of crystallinity. The peak-width variation shows that the apatite's degree of crystalline order is low on the tendon side of the insertion and high on the bone side of the insertion. Thus, we established spectroscopically that not only does the proportion of mineral change across the insertion site, but so does an important structural attribute of the mineral, i.e., its degree of crystallinity. The reason for this observed change in crystallinity across the 120 lm wide tendon-to-bone insertion zone is unknown to date. Most likely, it cannot be explained by a temporal factor (i.e., different age of tissue in different locations) across the traverse, but rather by cellular or biological factors.
We also evaluated the use of two different peaks (at 1003 and 2940 Dcm À1 ) to represent the relative abundance of the organic content. Whereas the 2940 Dcm À1 peak is the strongest peak in the spectrum, it is not specific to any particular amino FIG. 5. Raman spectra for individual 1 lm points (as indicated by numbered positions) examined across the tendon-to-bone insertion of sample #2, showing the development of the 960 Dcm À1 band that is indicative of the PO 4 3À environment. Individual spectra are not normalized to one specific band, but rather each spectrum is expanded to full scale between 700 and 1200 Dcm À1 . The band at 960 Dcm À1 (shaded) is present in the spectra of tendon (i.e., non-mineralized tissue) as well as in spectra of the insertion zone and bone (i.e., highly mineralized tissue). In pure tendon (positions 1 and 2), the 938 Dcm À1 band dominates the 960 Dcm À1 band. As the traverse enters the insertion zone (position 3), the 960 Dcm À1 band becomes stronger than the 938 Dcm À1 band, indicating the beginning of apatite mineralization. Farther along the insertion and into bone, the 960 Dcm À1 band becomes stronger, eventually dominating this spectral region. acid or its side chain. The 1003 Dcm À1 peak is weak, but spectrally isolated, and it is very specific for the presence of one side chain in one particular amino acid, i.e., the benzene ring in phenylalanine. Aromatic side chains in proteins have strong Raman scattering cross-sections and thus result in unusually strong bands that are characteristic for this particular amino acid. 24 Although neither the 2940 Dcm À1 nor the 1003 Dcm À1 band is ideal for quantification, both bands yield similar results ( Figs. 8a and 9 ). The 1003 Dcm À1 band has the added benefit that it is close to the P-O stretch at 960 Dcm À1 and it does not overlap with any other bands.
The linear gradation in mineral content within rat tissue sections ( Fig. 9) is consistent with the gradations in biomechanical properties and fibrocartilage composition that have been described previously. 8, 9, 25 Contrary to the proposed abrupt transition based on the observation of a tidemark in histologic stained sections, we confirmed with Raman spectroscopy that the mineral content indeed increases gradually, just as mechanical models would predict. The gradual increase in mineralization over a distance of only 120 lm may serve to minimize stress concentrations that otherwise would arise between two materials with vastly different mechanical properties, i.e., compliant tendon and stiff bone. This gradual mineralization can protect the attachment from rupture. 8, 9, 25, 26 As mentioned above, there is also a small peak at 960 Dcm À1 that is present in the non-mineralized tendon and that is seen as a shoulder (already at location 1, see Fig. 5 ) on the much stronger 938 Dcm À1 peak. This weak shoulder can be observed in the published spectra of previous Raman spectroscopy reports on tendon collagen 27, 28 and unmineralized ocular tissue. 29, 30 The band was not specifically mentioned or assigned, however, except by Frushour and Koenig, 27 who assigned a peak at 966 Dcm À1 to an amide III vibration. We find it interesting that the band that develops into the P-O stretch of phosphate (i.e., the tetrahedral PO 4 3À configuration) already appears as a spectral shoulder in unmineralized tendon. This feature appears equally strong in tendon soaked in phosphate-buffered saline (PBS) or only in de-ionized water. In future Raman studies across a tendon-to-bone insertion in an animal that is still developing (i.e., in a fetus or in the early period after birth), it will be possible to monitor the development of the 960 Dcm À1 P-O stretch both prior to and after mineralization has occurred. Such future work may help assign the cause of the ;960 Dcm À1 band in the nonmineralized side of the insertion site.
CONCLUSION
Over the last decade, Raman spectroscopy has established itself as a very useful technique to address clinical issues through the study of biological mineralized samples, both in vivo 31, 32 and in vitro. 33, 34 Many such studies address the FIG. 6. Spectra for individual points (numbered, see Fig. 5 ) examined across the 300 lm wide traverse in sample #2. All spectra are normalized to the intensity of the ;2940 Dcm À1 C-H symmetric stretching band (i.e., the strongest band in each spectrum is scaled to 100%) and then stacked along the y-axis for better comparison. The mineral content, represented by the P-O symmetric stretch at 960 Dcm À1 , can be seen to gradually increase along the traverse from tendon to bone. The spectrum increasingly acquires the characteristics of an apatite spectrum starting at position 3 and barely changes between positions 10 and 12. The increase in mineral concentration is very obvious between positions 5 and 10. quantification and spatial distribution of mineralization in tissue samples through use of sophisticated instrumental and mathematical protocols that include Raman imaging 35, 36 and chemometric methods such as factor analysis-based selfmodeling curve resolution. 37 One of the goals of our study was an analysis of the (mis)match between changes in spectral components and in physically recognizable features in tissue.
Such analyses can help guide the development of best practices in spectral mapping and imaging. Our results indicate that peak intensity measurements can be very useful in capturing changes in relative abundances of components in biological tissue, which supports the use of Raman imaging (that is typically based on the interpretation of intensities rather than areas) for such purposes. On the other hand, only through careful, manual deconvolution of spectra (as typically is done to determine band areas) were changes in band width revealed, which implied a change in the character of one of the two components in the tissue. The latter, more spectrally nuanced change, is less likely to be captured in typical spectral imaging that relies on automated mathematical algorithms.
In our current study, we were able to gain valuable insight into an important clinical issue through interpretation of a limited number of actual spectra that were obtained individually from micrometer-sized spots across tissue samples of five animals. We showed that the mineral-to-collagen ratio at the insertion linearly increases from tendon to bone and that the atomic (i.e., crystalline) order in the existing mineral increases over the same interval. These phenomena have not been FIG. 9. Gradual change in degree of mineralization across the ;120 lm wide tendon-to-bone transition of the rat's rotator cuff (n ¼ 5) as evaluated by different peak height ratios: (a) (960 Int /1003 Int ) versus distance; (b) (960 Int / 2940 Int ) versus distance. Peak heights were measured on spectra that were first background-corrected between 100 and 4000 Dcm À1 . Over the short distance of 120 lm (from À60 lm to þ60 lm) the relative change in mineralization is linear with a linear correlation coefficient R 2 of ;0.8 for both methods of quantification. described previously. Raman microprobe spectroscopy demonstrated several advantages over other techniques commonly used for materials characterization: it has excellent spatial resolution for analyzing changes across the tendon-to-bone insertion, Raman signals are strong from both the mineral and organic components, and the technique requires almost no special sample preparation in contrast to many other methods used to analyze the composition of biological materials that require significant manipulation of the sample (e.g., drying, freezing, formalin fixation, staining).
The attachment of dissimilar materials is known to be a major challenge in materials science because of the high levels of localized stress that develop at their interface. An interesting biologic solution to this problem exists at the attachment of compliant tendon to stiff bone. The visually most prominent part of this attachment is recognized by histologists and biologists as a dark band of tissue that is called a tidemark. 8, 9, 13 It was previously proposed that this tidemark indicated an abrupt change in the degree of mineralization from zero in the tendon to ;60 wt % in the bone. 8, 9 From an engineering point of view, however, such an abrupt change could not be explained, because it would be a source of stress concentration and would put the interface at risk for rupture. We were able to show here on the tissue samples from five healthy rats that that the transition from non-mineralized to mineralized tissue indeed occurs gradually at the insertion site (over a distance of ;120 lm), consistent with what would be expected from an engineering analysis. One can speculate that the change in character (i.e., crystalline order) of the mineral across this interval also might contribute to the gradational change in mechanical properties.
It is unknown whether the transition between tendon and bone in healing tissues (i.e., in tissues after injuries) recreates the mineral content gradation that we found in our study. When a tendon is surgically repaired to bone (as occurs in most rotator cuff repairs), the transitional features of the organic component are not recreated. 38, 39 It is therefore unlikely that the gradation in mineral concentration is regenerated during the healing process after surgery. This lack of gradation probably leads to a mechanically inferior interface and the clinically observed recurrent failures. 3, 4, 40, 41 Understanding the differences between the normal tissue and the tissue that heals after surgical repair will allow us to develop methods and materials to improve tendon-to-bone healing. Future studies, therefore, will not only be applied to healthy tissue but also to tissue that has healed after surgical repair.
Further refinement of the Raman microprobe spectroscopic methods described in this paper may lead to a tool for diagnosing clinically important problems (e.g., rotator-cuff degeneration, cartilage degradation). Raman spectroscopic techniques could provide a clinician with a description of the localized biochemical composition of the tissue of interest. This information can be acquired on a micrometer spatial scale and may be particularly relevant in tissues that change in composition over a short distance (e.g., the tendon-to-bone insertion site). Raman signatures for normal tissues would be compared to the Raman signatures of symptomatic tissues to diagnose tissue damage or deterioration.
